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In situ synthesis of zeolitic imidazolate
frameworks/carbon nanotube composites with
enhanced CO2 adsorption†
Ying Yang, Lei Ge, Victor Rudolph and Zhonghua Zhu*
A series of ZIF-8 and hydroxyl-functionalized carbon nanotube (CNT) composites were successfully syn-
thesized by the solvothermal method. The obtained ZIF-8/CNT composites were characterized by XRD,
SEM, TGA and N2 adsorption at 77 K. The contents of ZIF-8 and CNTs in the composites were calculated
from thermal analysis data. CO2 and N2 adsorption at 273 K on the composites was also investigated and
compared. The ZIF-8 particles in the composites exhibit similar crystal structures and morphology to
those of pure ZIF-8, but display enhanced thermal stability. The surface areas and pore volumes of the
ZIF-8/CNT composites are higher than the values calculated for hypothetical physical mixtures, and
the synergetic effect between ZIF-8 and CNTs can be proposed. This phenomenon demonstrates that
the incorporation of CNTs into ZIF-8 can facilitate the nucleation and crystallization of ZIF-8. As a result,
the composites with an optimal CNT content (3.63 wt%) show improved CO2 adsorption capacity and
higher relative selectivity for CO2/N2 compared with pure ZIF-8.
1. Introduction
Metal–organic frameworks (MOFs), which are highly ordered
crystalline microporous materials formed by the self-assembly
of transition metal cations and organic linkers,1–3 have
attracted considerable attention over the last two decades due
to the relative ease of preparation,4–6 exceptional high poro-
sity,7,8 tunable pore metrics and adjustable chemical function-
ality.9 Even though MOFs show lots of advantages for various
applications,2,4,10–12 most of the MOF materials tend to experi-
ence a dramatic drop in their surface area and adsorption
capacity when exposed to moisture.10 Moreover, the narrow
micropores of MOFs restrict the fast gas diffusion inside the
pores, limiting the real applications of MOFs in adsorption,
catalysis and gas separation.11,12 Also the potential appli-
cations of MOFs have been limited on the laboratory scale due
to the presence of water vapour in most industrial processes.
To ensure the extensive use of MOF materials in industrial/
large-scale applications, a key technology is to develop hier-
archically structured bulk materials such as composites to
overcome the above problems. By tailoring the ratio of macro-
pores, mesopores and micropores of the bulk materials, low
pressure drop and high mass transfer can be obtained simul-
taneously. Recent studies about the composites of MOFs and
different substrates (graphite oxide,11,13–18 polymers,19–21
alumina, silica,12,20 and carbon nanotubes22–24 etc.) have been
reported to address the shortcomings of MOFs. In particular,
incorporation of carbon nanotubes (CNTs) into MOFs can
obtain better crystals and enhance the composite performance
because of the unusual mechanical, thermoconductive, elec-
troconductive and hydrophobic properties of the CNTs.25,26
For example, hybrid composites of 59 wt% acid-treated multi-
walled carbon nanotubes (MWCNTs) and MOF-5 exhibited sig-
nificant improvement in the specific surface area, H2 storage
capacity at room temperature and moisture stability, compared
with pure MOF-5.22 Later on, Chen and co-workers confined
MOF-5 into the hollow space of MWCNTs; the material dis-
played structure stability in atmospheric humidity for more
than 3 days, and provided effective protection against the
decomposition of sensitive MOF-5.27 Incorporation of
0.034 wt% MWCNTs into HKUST-1 has been reported by
Xiang et al.; unmodified [(Cu3(btc)2] and [CNT@(Cu3(btc)2]
have showed a CO2 capacity of 295 and 595 mg g
−1, at 298 K
†Electronic supplementary information (ESI) available: Bigger size of SEM
images of ZIF-8 and ZIF-8/CNT composites (Fig. S1). TGA curve of CNTs
(Fig. S2). DTG curves of ZIF-8 and ZIF-8/CNT composites (Fig. S3). Comparison
of CNT percentage in the composites calculated by TGA and EA (Table S1).
N2 adsorption isotherms of all samples at 77 K (Fig. S4). N2 adsorption at 273 K
on CNTs, ZIF-8 and ZIF-8/CNT composites (Fig. S5). CO2 adsorption at 273, 288
and 298 K on ZIF-8 and ZC2 (Fig. S6). Heat of CO2 adsorption on ZIF-8 and ZC2
based on the isotherms at 288 and 298 K (Fig. S7). Langmuir constants of CO2
and N2 adsorption at 308 K on ZIF-8 and ZC2 (Table S2). See DOI: 10.1039/
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and 18 bar, respectively.23 Similarly, Anbia et al. had incorpor-
ated 10 wt% MWCNTs into MIL-101 to synthesize a hybrid
composite; a significant enhancement in the CO2 adsorption
capacity at 298 K and thermal stability was observed in the
composite material.24 The increment in the CO2 adsorption
capacity of MWCNT@MIL-101 is attributed to the increase of
the micropore volume of MIL-101 by MWCNT incorporation.
In addition, other hybrid composites also make use of zeolitic
imidazolate frameworks (ZIFs), which possess exceptional
chemical and thermal stability to prepare composites with
enhanced performance.28–32 For example, the hybrid nano-
composites of graphene oxide (GO) and ZIF-8, which enable
the integration of the unique properties of ZIFs and GO, have
tunable surface areas and pore volumes depending on the pro-
portion of GO. Compared to the pure ZIF-8, the
GO@ZIF-8 hybrid nanocomposites display remarkable CO2
storage capacity with increasing GO concentration.30 Defect-
free hybrid CNT–ZIF-8 composite membranes were prepared
by seeded growth of ZIF-8 on the surface of CNT bucky-paper
(BP).31 Mixed gas permeation tests on CNT–ZIF-8 revealed that
N2 permeates much faster than Xe and CO2. The ZIF-8/PBI
nano-composite membrane materials show impressive H2/CO2
separation performance and high thermal and separation
stability at elevated temperatures.32
To sum up, the enhancement of porosity, thermal stability
and adsorption of MOF composites over the values of hypothe-
tical mixtures or parent MOFs is observed in the literature,
therefore the synergetic effect was proposed. However, the
CNT loading effects on crystallinity, morphology, porosity and
adsorption properties of MOFs/CNTs have rarely been
explored. The synergetic effect induced by various amounts of
incorporated CNTs on the physicochemical properties and
adsorption properties is worth exploring.
The aim of this paper is to comprehensively synthesize
MOF/CNT composites with various CNT loading amounts.
Introducing the mesopores of CNTs into the micropore system
of ZIF-8 is not only expected to obtain higher crystallinity and
achieve hierarchically structured bulk materials, but also to
improve the CO2 adsorption capacity and selectivity of CO2/N2.
The interaction between CNTs and ZIF-8 will also contribute to
the enhancement of CO2/N2 selectivity.
2. Experimental section
2.1. Materials
The CNTs produced from methane decomposition over Fe cat-
alysts in a fluidized-bed reactor were supplied by Tsinghua
University, China, and the purity in the pristine samples was
above 95%. The orientation of the carbon layers in a typical
CNT is parallel to its axis. The external diameter of CNTs is in
the range of 10–30 nm, and most CNTs have a diameter
around 20 nm. The inner diameters are typically about 1/3 of
the corresponding external diameters. Zinc nitrate hexahydrate,
2-methylimidazole (Hmim), methanol and H2O2 were used as
obtained from Sigma-Aldrich without further purification.
2.2. Synthesis of ZIF-8 and ZIF-8/CNT composites
ZIF-8 was prepared by a modified procedure in previous
work.33,34 A solution of Zn(NO3)2·6H2O (0.5866 g, 1.974 mmol)
in 30 ml methanol was dropped into a 30 ml of Hmim
(1.2980 g, 15.808 mmol) methanol solution under stirring. The
mixture slowly turned to milky and was kept stirring for 2 h,
followed by sonication for 1 h, and then the mixture was put
into a 100 ml Teflon-line autoclave and heated at 363 K oven
for 6 h. After the solvothermal reaction, the ZIF-8 nano-crys-
tals were separated by centrifugation and washing with metha-
nol for three times, finally the product was dried at 313 K
under vacuum. In an ideal reaction, the theoretical product
yield can be calculated by eqn (S1†).
Before the synthesis of ZIF-8/CNT composites, CNTs were
pre-treated with H2O2 (30%) by sonication for 1 h and refluxed
at 383 K for 6 h, and then washed with deionised water by cen-
trifugation/re-dispersion cycles for several times. After that the
wet CNTs were filtered with a 0.2 μm pore size membrane
filter and dried under vacuum. Finally well-dispersed CNTs
were obtained with partially oxidized hydroxyl groups on the
outer walls. All the ZIF-8/CNT composites were also prepared
under the similar solvothermal procedures of ZIF-8, except
different amounts (5.1, 14.7, 30.5, 50.6, 79.6 and 120.1 mg) of
CNTs were well dispersed in Hmim methanol solution by
repeating sonication and stirring process prior to adding the
Zn(NO3)2·6H2O methanol solution, whereas the total volume
of solution is constant at 60 ml. The corresponding percentage
of the incorporated CNTs can be calculated by eqn (S2),† and
the values are 1.11, 3.13, 6.28, 10.01, 14.89 and 20.88 wt% of
the theoretical final product, respectively. The synthesized
ZIF-8/CNT composites are referred to as ZCn with n from 1 to
6, for the different CNT contents (5.1, 14.7, 30.5, 50.6, 79.6 and
120.1 mg, respectively).
2.3. Characterization
The X-ray diffraction pattern (XRD) of ZIF-8 and composites
were obtained with a Bruker Advanced X-ray diffractometer
(40 kV, 40 mA) with Cu Kα(λ = 0.15406 nm) radiation at a scan-
ning rate of 2° min−1 from 3° to 50°. The morphologies of the
synthesized ZIF-8 and ZIF-8/CNT composites were characterized
using a JEOL JSM 6300 field emission scanning electron micro-
scope, with an accelerating voltage of 10.0 kV. The TEM images
were investigated using a JEOL TEM 1010 equipped with a field
emission gun (FEG) at 100 kV. Thermogravimetric analysis was
performed on a Perkin Elmer Instruments STA 6000 Thermo
Gravimetric Analyzer at a rate of 5 °C min−1 under air from 65 to
700 °C. Flash EA 1112 CHNS-O analyzer (Thermo Electron) was
applied to quantify the content of hydrogen, carbon and nitro-
gen in ZIF-8 and ZIF-8/CNT composites. The N2 ads–desorption
isotherms of the samples were obtained using a Micromeritics
TriStar II 3020 at 77 K, after degassing the samples for 24 h at
423 K. The corresponding specific surface areas (SSAs) were
calculated by Brunauer–Emmett–Teller (BET) theory at relative
pressure (P/P0) between 0.005 and 0.05. Total pore volumes
(Vp) were evaluated at relative pressures (P/P0) close to unity,
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and the micropore volume was gained from the single point
(P/P0 = 0.13) calculation.
CO2 and N2 adsorption isotherms at 308 K up to 40 bar
were measured by BELSORP-BG system (BEL Japan). The
system is equipped with a high-pressure magnetic suspension
balance (RUBOTHERM) to measure the adsorption isotherm
of single gas. In a typical measurement, about 1.5 g of samples
were filled into the sample holder and degassed at 358 K for
3 h under vacuum (<0.005 pa). After the pre-treatment, pure
gas isotherms of CO2 and N2 at 308 K were measured from 0.5
to 40 bar.
3. Results and discussion
3.1. XRD patterns of ZIF-8 and ZIF-8/CNT composites
Comparison of X-ray diffraction (XRD) patterns taken from
CNTs, pure ZIF-8 and ZIF-8/CNT composite samples are shown
in Fig. 1. The diffraction patterns of the ZIF-8/CNT composites
are in perfect agreement with that of pure ZIF-8, indicating the
existence of the well-defined framework units in the syn-
thesized materials, confirming that CNT incorporation does
not disturb or destroy the formation of the ZIF-8 crystal struc-
ture. In addition, no obvious peak of CNTs in the composite
can be observed due to the low percentage incorporation of
CNTs, and the weak (002) peak at 2θ = 26° of CNTs is over-
lapped by relatively high intensity peaks of ZIF-8. It is worth
mentioning that ZC1, ZC2 and ZC3 have obvious higher peak
intensities in 2θ = 7.40° with the incorporation of CNTs, indi-
cating that ZIF-8 crystals in ZC1, ZC2 and ZC3 have improved
crystallinity on comparing with pure ZIF-8.
3.2. Morphologies of ZIF-8 and ZIF-8/CNT composites
The morphologies of ZIF-8 and ZIF-8/CNT composites are
shown in Fig. 2. It can be seen that the uniform ZIF-8 crystals
are between 30 and 50 nm in diameter, which differs from the
reported results.33,34 The spherical-like shape of ZIF-8 crystals
resulting from a shape transform from hexagonal structure is
due to the surface energy minimization by SEM electron
beam.34,35 As can be seen, the shape of ZIF-8 in the composites
is not changed by CNT incorporation. The morphologies of
ZIF-8/CNT composites reveal that the CNTs are indeed well
attached with ZIF-8. The CNTs and ZIF-8 tend to be a grape
bunch-like morphology, leading to the creation of hierarchical
pore structure in composites. The change in morphology indi-
cates the interaction between ZIF-8 and CNTs. With increasing
CNT content, it is interesting to find that the particle size of
ZIF-8 crystals becomes smaller. At low content of CNTs, most
of the CNTs are embedded by ZIF-8 crystals and few of them
can be found in SEM images. The nucleation sites for ZIF-8
crystals increase in the composites with high CNT contents,
leading to the smaller size of ZIF-8 crystals and more CNTs
can be easily observed, which can be explained by the growth
schematic in Fig. 3. The more CNTs are added in the synthesis
system, the more nucleation sites on the surface of CNTs
are available for the growth of ZIF-8, which will contribute to
Fig. 1 Comparison of XRD patterns of ZIF-8 and ZIF-8/CNT
composites.
Fig. 2 SEM images of ZIF-8 and ZIF-8/CNT composites (scale bar: 100 nm).
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smaller size of ZIF-8 crystals. The results indicate that the hie-
rarchical pore structure may be tailored by varying the ratio of
ZIF-8 to CNTs.
To further confirm the morphology change between ZIF-8
and ZIF-8/CNT composites, TEM images of ZIF-8 and ZC6 were
taken as shown in Fig. 4. Sharp hexagonal and homogeneous
crystals with a size of 25–35 nm are observed in pure ZIF-8
sample. In contrast, the ZIF-8 crystals grown on the surface of
CNTs in ZC6 display grape bunch-like morphology as illus-
trated in Fig. 3. Since CNTs provide more nucleation sites for
the formation of ZIF-8 crystals, the size of ZIF-8 crystals in the
composites is about 15–25 nm, which is smaller than those
in the pure ZIF-8. The morphology change and ZIF-8 size
reduction in composites demonstrate that the surface of CNTs
can act as the nuclear site for ZIF-8 growth.
3.3. Thermal stability of ZIF-8 and ZIF-8/CNT composites
The thermal gravimetric analysis results of ZIF-8 and ZIF-8/
CNT composites are shown in Fig. 5. The TGA curve of pure
ZIF-8 exhibits a little weight loss (0.18%) before ca. 200 °C,
which is attributed to the removal of guest molecules (e.g.,
methanol) from the cavities and some species (e.g., Hmim) on
the surfaces of the nanocrystals. Pure ZIF-8 is stable up to
380 °C, which matches well with the literature.33,36 A sharp
weight loss after 380 °C indicates the removal of the organic
linker molecules and the collapse of the ZIF-8 structure. From
the TGA curves, the difference of thermal stability between
ZIF-8 and the composites is too tiny to identify. However,
according to the DTG curves of all the composite samples
(Fig. S3†), the maxima of DTG curves depicting the maximal
rate of the decomposition are 430, 436, 438, 432, 430 and
431 °C for ZC1 to ZC6, respectively. While compared with the
maxima of ZIF-8 (427 °C), the maximum for all composites
shifts to a higher temperature, indicating that the ZIF-8/CNT
composites show improved thermal stability over pure ZIF-8.
That is because the incorporated CNTs provide more nuclea-
tion sites for ZIF-8 growth, therefore, the ZIF-8 can attach well
on CNTs as observed in SEM and TEM. The derived ZIF-8/CNT
interaction can favour the enhancement of thermal stability in
composites.
On the other hand, compared to pure ZIF-8, the residual
weights of ZIF-8/CNT composites in the TGA profiles reduce
gradually with the increase of CNT content. As the final white
solid residue (35.46 wt%) in ZIF-8 was identified as ZnO by
XRD33 and the residual weight of pure CNT is 3.14 wt% at
700 °C (Fig. S2†), the content of ZIF-8 and CNT in the compo-
sites can be calculated from the residual weight percentages by
solving eqn (S3) and (S4).† As shown in Table 1, the percen-
tages of CNTs in the composites are 0.77, 3.63, 15.62, 19.29,
24.85 and 34.23 wt% for ZC1 to ZC6, respectively, where most
of them are higher than the theoretical values (1.11, 3.13, 6.28,
10.01, 14.89 and 20.88 wt%) except the first composite, prob-
ably due to the productivity difference in ZIF-8 growth. Mean-
while a portion of ZIF-8 crystals can be decanted in the
methanol rinsing and centrifuge process, which could change
the actual loading ratio.
For further confirming the CNT percentage in composites,
elemental analysis (EA) was carried out on all the samples and
the results are shown in Table S1.† The EA results have a
Fig. 3 Growth schematic of ZIF-8 crystal size reduction with increasing
CNT loading.
Fig. 4 TEM images of ZIF-8 and ZC6.
Fig. 5 TGA plots of ZIF-8 and ZIF-8/CNT composites.
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similar trend as those from TGA results. As different theories
are applied in TGA and EA, the discrepancies among the par-
ticular value were found. The calculation from EA is based on
the element content of carbon, hydrogen and nitrogen, but in
the composite there are also oxygen element and a large
amount of zinc element, which would cause inaccurate results
in the composites with higher zinc content. In contrast, the
calculation from TGA is determined from the residual of zinc
oxide according to the stoichiometry relationship.32 Therefore,
the higher CNT percentage (lower zinc content) in the compo-
sites, the closer results were found between TGA and EA. In
conclusion, the TGA result is more reliable than EA in any
amount of CNT incorporation.
3.4. Surface area and porosity of ZIF-8 and ZIF-8/CNT
composites
Nitrogen adsorption–desorption isotherms of ZIF-8/CNT com-
posites at 77 K (Fig. S4†) show typical type I adsorption behav-
iour with a small hysteresis loop, which indicates the
predominant microporous feature of these composites, and
the hysteresis loop reveals the presence of mesopores, which
might be formed between the small ZIF-8 crystals (closed
pack) or the composite particles. The high quantity adsorbed
at high relative pressure (P/P0 ∼ 1) is mainly due to the hier-
archical structure using CNTs as frameworks in the system.
The pore characteristics of all samples were determined from
the nitrogen adsorption–desorption isotherms, as listed in
Table 2. The CNTs have a BET surface area of 145 m2 g−1,
which is similar to the reported values.37,38 In this study, ZIF-8
exhibits a BET surface area of 1839 m2 g−1, which is superior
to the values reported in the references,21,28,34 showing that the
obtained ZIF-8 has nearly an ideal framework crystal structure,
which is consistent with the XRD patterns. The difference in
specific surface area can be ascribed to different synthesis
methods and solvent activation conditions.39,40 The N2 adsorp-
tion results show that when CNT content increases from
0.77 wt% to 15.62 wt%, the surface areas and micropore
volumes of ZC1, ZC2 and ZC3 are improved by the incorpor-
ation of CNTs into ZIF-8. However, with increasing CNT
content from 19.29 wt% to 34.23 wt%, the BET surface areas
and micropore volumes of composites (ZC4, ZC5 and ZC6)
decrease. This trend is mainly due to the presence of a large
amount of CNTs. The N2 uptake is largely dependent on the
amount of ZIF-8 in the composites since the contribution of
CNT to the total N2 uptake is negligible. Nevertheless, crystal
size may also contribute to the trends observed in the adsorp-
tion profiles. Several references have explored the effect of
crystal size on the surface area and adsorption profiles.41,42
The BET surface area of the copper based metal–organic
framework Cu3(btc)2 increased from 1415 m
2 g−1 to 2016 m2
g−1 as the crystal size reduced from 300 to 100 nm.41 Similar
trends were also found by our group that the surface area
increased as the particle size of Cu-BTC reduced from 50 μm
to 6 μm.42 In the case of ZIF-8, the surface area and the micro-
porous volume of ZIF-8 with the mean particle size between
4000 nm and 100 nm are nearly the same, suggesting that the
crystallinity does not change with the particle size.43 Tanaka
et al.44 reported that the BET surface areas of the mono-crystal
ZIF-8 with a particle size of 30 nm and 500 nm are 1650 and
1550 m2 g−1, respectively. With the average particle size of
ZIF-8 increasing from 250 nm to 1910 nm, the BET surface
area of the samples only slightly decrease, which is from
1600 m2 g−1 to 1520 m2 g−1.45 Therefore, ZIF-8 with different
crystal sizes shows similar surface area. This means that the
crystal size of ZIF-8 in this study may not contribute much to
the adsorption variation in the ZIF-8/CNT system.
Among all the composites, the composite of ZC2 shows the
best porous structure with a BET surface area of 1997 m2 g−1
and micropore volume of 0.747 cm3 g−1, respectively. It is note-
worthy that the BET surface area of ZC2 is 1.2 times and 2.1
times higher than that of the reported CNT–ZIF-8 membrane31
and ZIF-8 grown on electrospun fibres,46 respectively. There-
fore, to achieve the enhancement in the surface area and poro-
sity, the CNTs content needs to be maintained at an optimal
percentage.
To determine the interaction between ZIF-8 and CNTs in
the composites, it is necessary to calculate the porosity para-
meters of physical mixtures of ZIF-8 and CNTs, which have no
chemical interaction between the MOFs and CNTs.16 Based on
the content of ZIF-8 and CNTs in the composites (Table 1), the
BET surface areas and micropore volumes of hypothetical
physical mixture of ZIF-8 and CNTs are calculated by eqn (S5)
and (S6),† respectively, and the results are shown in Table 2
and Fig. 6. Comparing with the calculated values of a hypothe-
tical physical mixture, the measured BET surface areas of all
Table 1 Contents of ZIF-8 and CNTs in ZIF-8/CNT composites calcu-
lated from TGA results
Sample
ID
Residue
wt%
Content of
ZIF-8 wt%
Content of
CNT wt%
ZIF-8 35.46 100 0
ZC1 35.21 99.23 0.77
ZC2 34.29 96.37 3.63
ZC3 30.41 84.38 15.62
ZC4 29.22 80.71 19.29
ZC5 27.43 75.15 24.85
ZC6 24.40 65.77 34.23
Table 2 BET surface areas and pore volumes of CNTs, ZIF-8 and
ZIF-8/CNT composites obtained from N2 adsorption isotherms at 77 K
and hypothetical physical mixtures
Sample
SBET
(m2 g−1)
VMic
a
(cm3 g−1)
SBET H
(m2 g−1)
VMic H
(cm3 g−1)
CNTs 145 0.057 — —
ZIF-8 1839 0.742 — —
ZC1 1908 0.741 1825 0.737
ZC2 1997 0.747 1773 0.717
ZC3 1916 0.700 1555 0.635
ZC4 1735 0.674 1489 0.610
ZC5 1441 0.570 1387 0.572
ZC6 1300 0.503 1217 0.508
a Calculated from single point at P/P0 = 0.13.
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composites are higher than those in the physical mixtures,
and the measured micropore volumes of ZC1 to ZC4 are larger
than those values in the hypothetical physical mixture, which
can be attributed to the improved crystallinity of ZIF-8 and for-
mation of more micropores by the incorporation of CNTs. On
the other hand, the micropore volumes of ZC5 and ZC6 are a
bit lower than the hypothetical values, because excess CNTs
can provide numerous nucleation sites for the growth of ZIF-8
crystals, and form imperfect crystals with more defects. The
increased surface area and porosity demonstrate that the
synergetic effect is present between ZIF-8 and CNTs in the
composites. Especially in low CNTs content (from 0.77 to
15.62 wt%), the synergetic effect between ZIF-8 and CNTs is
beneficial for the formation of better ZIF-8 crystals, leading to
higher N2 adsorption capacities. However, with CNTs loading
increasing (from 19.29 to 34.23 wt%), the synergy becomes
less positive for the formation of ZIF-8/CNT composites. There-
fore, composites with higher surface area and larger micropore
volume can be obtained at optimal low CNTs loading.
3.5. CO2 and N2 adsorption on ZIF-8 and ZIF-8/CNT
composites
Selective adsorption and separation of CO2 from gas streams
are among the most attractive areas of research in MOF appli-
cations. The CO2 and N2 adsorption properties at 273 K of
ZIF-8 and ZIF-8/CNT composites are also studied, as shown in
Fig. 7 and Fig. S5.† The CO2 and N2 adsorption capacities of
CNTs, ZIF-8 and ZIF-8/CNT composites at 132 kPa were sum-
marized in Table 3. CNTs show very low adsorption capacities
for CO2 (0.357 mmol g
−1) and N2 (0.052 mmol g
−1). However,
ZIF-8 shows CO2 and N2 adsorption capacities of 2.176 and
0.251 mmol g−1, respectively. With high CNT loading in the
composites, the CO2 and N2 adsorption capacities on ZIF-8/
CNT composites decrease with decreasing surface area. The
composite ZC2 has slightly higher CO2 and N2 adsorption
capacities than pure ZIF-8. The CO2 and N2 adsorption
capacities of ZIF-8 and CNTs physical mixtures were calculated
similarly by eqn (S5) and (S6).† As can be seen in Table 3, both
the CO2 and N2 adsorption capacities of ZIF-8/CNTs physical
mixtures drop gradually with increasing CNT contents. The
CO2 and N2 adsorption capacities of ZC2 to ZC6 are higher
than the results of physical mixtures. The increased CO2
adsorption capacities on ZIF-8/CNT composites further prove
the existence of synergetic effect between ZIF-8 and CNTs.
To further investigate the affinity of ZIF-8 and ZC2 for CO2,
the isosteric heat of CO2 adsorption (Qst) was calculated
Fig. 6 Comparison of BET surface areas (a) and micropore volumes (b) on CNTs, ZIF-8 and ZIF-8/CNTs by measurement (composites) and calcu-
lation (hypothetical physical mixtures).
Fig. 7 CO2 adsorption at 273 K on ZIF-8 and ZIF-8/CNT composites.
Table 3 CO2 and N2 adsorption capacities (mmol g
−1) at 273 K and 132
kPa
Sample
Composites Physical mixtures
CO2 N2 CO2 N2
CNTs 0.357 0.052 — —
ZIF-8 2.176 0.251 — —
ZC1 2.150 0.242 2.162 0.249
ZC2 2.210 0.245 2.110 0.244
ZC3 2.027 0.264 1.892 0.220
ZC4 1.985 0.235 1.825 0.213
ZC5 1.751 0.222 1.724 0.202
ZC6 1.562 0.203 1.553 0.183
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according to the virial equations47,48 from the adsorption iso-
therms performed at 273 K (Fig. 7) and 298 K (Fig. S6†) under
ambient pressure. As can be observed from Fig. 8, the Qst value
of ZIF-8 gradually decreases at low CO2 loading and then drops
significantly with the increasing of CO2 loading, which means
that there is a weak specific interaction between CO2 molecule
and the homogeneous surface of the ZIF-8 sample at high CO2
loading.49 It is worth pointing out that the Qst value of ZC2
decreases with CO2 loading as well, but the values are much
higher than that of ZIF-8. This indicates that the incorporation
of CNTs enhances the adsorption affinity of composites for
CO2 molecules. To confirm the results, CO2 adsorption tests at
288 K (Fig. S6†) were also performed and the heat of adsorp-
tions between 288 K and 298 K was similarly calculated by the
virial equation.40,41 As shown in Fig. S7,† the heat of adsorp-
tion of ZC2 is always higher than that of pure ZIF-8, which con-
firms the enhanced heat of adsorption for CO2 adsorption.
The results indicated that the incorporation of CNTs enhances
the adsorption affinity of composites for CO2 molecules. This
phenomenon can be explained as that, the curvature of planar
graphene layers into cylinders in CNTs induces the electron
transfer from the concave inner surface to the convex outer
surface of CNTs, leading to higher electron density on the CNT
external surface than inside of CNT channels.50 In this case,
by growing ZIF-8 on the CNT external surface, the electrostatic
interactions of CO2 adsorption may be enhanced. The strength
of electrostatic interactions can influence the gas separation
especially for the gas components with different dipoles/
quadrupoles.51
The improvement in selective CO2 adsorption in ZC2 is
further evaluated in the high pressure region. CO2 and N2
adsorption in the high pressure region were also measured at
high pressure up to 40 bar at 308 K. As shown in Fig. 9, the
CO2 adsorption curves of ZIF-8 and ZC2 are similar to each
other at low pressure (P < 15 bar). However, the discrepancies
start to enlarge above 15 bar. The CO2 adsorption capacities of
ZIF-8 and ZC2 are 8.45 and 9.10 mmol g−1 at 308 K and 40
bar, respectively. In the case of N2 adsorption, with the
pressure increase, the increment of N2 adsorption on the ZC2
composite is lower than that of pure ZIF-8, which means that
ZC2 has less affinity toward N2 than pure ZIF-8 does. Com-
pared to the pure ZIF-8, ZC2 has a higher CO2 adsorption and
lower N2 adsorption, indicating that the adsorption selectivity
of CO2/N2 could be enhanced by the incorporation of CNTs.
By applying Langmuir constants (Table S2†),48,52 the relative
selectivity of CO2/N2 can be calculated as 10.33 and 12.47 for
pure ZIF-8 and ZC2 at 308 K, respectively. The higher equili-
brium selectivity of CO2/N2 demonstrates that the performance
of ZC2 is superior to that of ZIF-8. The enhanced adsorption
selectivity of CO2/N2 by CNTs incorporation can be assigned to
the synergetic effects between ZIF-8 and CNTs. As a result, the
synergetic effect induced by CNTs and the formation of the
hierarchical pore structure in MOF/CNT composites can be
regarded as a suitable method to enhance adsorption
capacities and selectivity of MOF based materials.
Fig. 8 Heat of CO2 adsorption on ZIF-8 and ZC2 based on the iso-
therms at 273 and 298 K.
Fig. 9 CO2 (a) and N2 (b) adsorption on pure ZIF-8 and ZC2 at 308 K.
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4. Conclusions
A series of ZIF-8/CNT composites have been successfully syn-
thesized with varying CNT loading amounts. The growth of
ZIF-8 on CNTs displays the grape bunch-type morphology in
the composite. There are interactions between ZIF-8 crystals
and CNTs in the composites, which reflect in the change of
crystallinity, morphology, thermal stability and adsorption pro-
perties. The existence of CNTs in the synthesis process pro-
vides more nucleation sites and raised the crystallinity of
ZIF-8; the surface area and adsorption capacities can be con-
trolled by adjusting the CNT content in the composites. In
optimal CNT loading ratio, the ZIF-8/CNT composite has
higher BET surface area and larger adsorption capacity of CO2
and N2 than hypothetical values of ZIF-8 and CNT mixtures,
which proves the presence of synergetic effect between ZIF-8
and CNTs. More importantly, higher adsorption selectivity of
CO2/N2 can be achieved on the composite simultaneously. The
improved adsorption capacities and selectivity of CO2/N2 illus-
trate that the incorporation of CNTs into MOF synthesis pro-
vides a suitable and reasonable approach to achieve a
hierarchical pore structure and enhanced adsorption perform-
ance of MOFs. To further investigate the interfacial interaction
of CNTs/MOFs and improve the adsorption performance of
composites, future study is needed to explore the synergetic
effect between different functionalized CNTs and MOFs, and
guide the growth of MOFs on CNTs.
Competing interest
The authors declare no competing financial interest.
Acknowledgements
This work was financially supported by the Australian
Research Council Discovery Project, and Ying Yang also
acknowledges financial support from the China Scholarship
Council (CSC) in China. The authors acknowledge the facili-
ties, and the scientific and technical assistance of the Austra-
lian Microscopy & Microanalysis Research Facility at the Centre
for Microscopy and Microanalysis, the University of
Queensland.
References
1 H. Li, M. Eddaoudi, M. O’Keeffe and O. M. Yaghi, Nature,
1999, 402, 276–279.
2 C. Janiak and J. K. Vieth, New J. Chem., 2010, 34, 2366–2388.
3 O. M. Yaghi, G. Li and H. Li, Nature, 1995, 378, 703–706.
4 S. Qiu and G. Zhu, Coord. Chem. Rev., 2009, 253, 2891–
2911.
5 M. D. Allendorf, S. T. Meek and J. A. Greathouse, Adv.
Mater., 2011, 23, 249–267.
6 N. Stock and S. Biswas, Chem. Rev., 2012, 112, 933–969.
7 H. K. Chae, D. Y. Siberio-Perez, J. Kim, Y. Go, M. Eddaoudi,
A. J. Matzger, M. O’Keeffe and O. M. Yaghi, Nature, 2004,
427, 523–527.
8 M. Eddaoudi, D. B. Moler, H. Li, B. Chen, T. M. Reineke,
M. O’Keeffe and O. M. Yaghi, Acc. Chem. Res., 2001, 34,
319–330.
9 M. Eddaoudi, J. Kim, N. Rosi, D. Vodak, J. Wachter,
M. O’Keeffe and O. M. Yaghi, Science, 2002, 295, 469–472.
10 S. S. Kaye, A. Dailly, O. M. Yaghi and J. R. Long, J. Am.
Chem. Soc., 2007, 129, 14176–14177.
11 C. Petit and T. J. Bandosz, Adv. Funct. Mater., 2011, 21,
2108–2117.
12 J. Gorka, P. F. Fulvio, S. Pikus and M. Jaroniec, Chem.
Commun., 2010, 46, 6798–6800.
13 C. Petit and T. J. Bandosz, J. Mater. Chem., 2009, 19, 6521–
6528.
14 C. Petit and T. J. Bandosz, Adv. Funct. Mater., 2010, 20, 111–
118.
15 T. Bandosz and C. Petit, Adsorption, 2011, 17, 5–16.
16 C. Petit, J. Burress and T. J. Bandosz, Carbon, 2011, 49,
563–572.
17 C. Petit, L. Huang, J. Jagiello, J. Kenvin, K. E. Gubbins and
T. J. Bandosz, Langmuir, 2011, 27, 13043–13051.
18 C. Petit and T. J. Bandosz, Dalton Trans., 2012, 41, 4027–
4035.
19 M. D. Rowe, D. H. Thamm, S. L. Kraft and S. G. Boyes, Bio-
macromolecules, 2009, 10, 983–993.
20 L. D. O’Neill, H. Zhang and D. Bradshaw, J. Mater. Chem.,
2010, 20, 5720–5726.
21 J. A. Thompson, K. W. Chapman, W. J. Koros, C. W. Jones
and S. Nair, Microporous Mesoporous Mater., 2012, 158,
292–299.
22 S. J. Yang, J. Y. Choi, H. K. Chae, J. H. Cho, K. S. Nahm and
C. R. Park, Chem. Mater., 2009, 21, 1893–1897.
23 Z. Xiang, Z. Hu, D. Cao, W. Yang, J. Lu, B. Han and
W. Wang, Angew. Chem., Int. Ed., 2011, 50, 491–494.
24 M. Anbia and V. Hoseini, Chem. Eng. J., 2012, 191, 326–330.
25 J. T. Han, S. Y. Kim, J. S. Woo and G.-W. Lee, Adv. Mater.,
2008, 20, 3724–3727.
26 S. Berson, R. de Bettignies, S. Bailly, S. Guillerez and
B. Jousselme, Adv. Funct. Mater., 2007, 17, 3363–3370.
27 X. Chen, P. Lukaszczuk, C. Tripisciano, M. H. Rümmeli,
J. Srenscek-Nazzal, I. Pelech, R. J. Kalenczuk and E. Borowiak-
Palen, Phys. Status Solidi (B), 2010, 247, 2664–2668.
28 K. S. Park, Z. Ni, A. P. Cote, J. Y. Choi, R. Huang, F. J. Uribe-
Romo, H. K. Chae, M. O’Keeffe and O. M. Yaghi, Proc. Natl.
Acad. Sci. U. S. A., 2006, 103, 10186–10191.
29 Y. Pan, B. Wang and Z. Lai, J. Membr. Sci., 2012, 421–422,
292–298.
30 R. Kumar, K. Jayaramulu, T. K. Maji and C. N. R. Rao,
Chem. Commun., 2013, 49, 4947–4949.
31 L. Dumee, L. He, M. Hill, B. Zhu, M. Duke, J. Schutz,
F. She, H. Wang, S. Gray, P. Hodgson and L. Kong, J. Mater.
Chem. A, 2013, 1, 9208–9214.
32 T. Yang and T.-S. Chung, Int. J. Hydrogen Energy, 2013, 38,
229–239.
Dalton Transactions Paper
This journal is © The Royal Society of Chemistry 2014 Dalton Trans., 2014, 43, 7028–7036 | 7035
Pu
bl
ish
ed
 o
n 
05
 M
ar
ch
 2
01
4.
 D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f Q
ue
en
sla
nd
 on
 12
/10
/20
15
 02
:20
:36
. 
View Article Online
33 J. Cravillon, S. Münzer, S.-J. Lohmeier, A. Feldhoff,
K. Huber and M. Wiebcke, Chem. Mater., 2009, 21, 1410–
1412.
34 L. Ge, W. Zhou, A. Du and Z. Zhu, J. Phys. Chem. C, 2012,
116, 13264–13270.
35 L. J. P. Vogels, P. J. C. M. van Hoof and R. F. P. Grimbergen,
J. Cryst. Growth, 1998, 191, 563–572.
36 X.-C. Huang, Y.-Y. Lin, J.-P. Zhang and X.-M. Chen, Angew.
Chem., Int. Ed., 2006, 45, 1557–1559.
37 A. Lan and A. Mukasyan, J. Phys. Chem. B, 2005, 109,
16011–16016.
38 S. J. Yang, J. H. Cho, K. S. Nahm and C. R. Park,
Int. J. Hydrogen Energy, 2010, 35, 13062–13067.
39 K. Sumida, D. L. Rogow, J. A. Mason, T. M. McDonald,
E. D. Bloch, Z. R. Herm, T.-H. Bae and J. R. Long, Chem.
Rev., 2011, 112, 724–781.
40 Y. Yang, P. Shukla, S. Wang, V. Rudolph, X.-M. Chen and
Z. Zhu, RSC Adv., 2013, 3, 17065–17072.
41 Q. Liu, L. N. Jin and W. Y. Sun, Chem. Commun., 2012, 48,
8814–8816.
42 L. Ge, W. Zhou, V. Rudolph and Z. Zhu, J. Mater. Chem. A,
2013, 1, 6350–6358.
43 Y. Pan, D. Heryadi, F. Zhou, L. Zhao, G. Lestari, H. Su and
Z. Lai, CrystEngComm, 2011, 13, 6937.
44 S. Tanaka, K. Kida, T. Nagaoka, T. Ota and Y. Miyake,
Chem. Commun., 2013, 49, 7884–7886.
45 K. Kida, M. Okita, K. Fujita, S. Tanaka and Y. Miyake, Cryst-
EngComm, 2013, 15, 1794–1801.
46 Y.-n. Wu, F. Li, H. Liu, W. Zhu, M. Teng, Y. Jiang, W. Li,
D. Xu, D. He, P. Hannam and G. Li, J. Mater. Chem., 2012,
22, 16971–16978.
47 L. Hou, L. N. Jia, W. J. Shi, Y. Y. Wang, B. Liu and Q. Z. Shi,
Dalton Trans., 2013, 42, 3653–3659.
48 L. Hou, W. J. Shi, Y. Y. Wang, Y. Guo, C. Jin and Q. Z. Shi,
Chem. Commun., 2011, 47, 5464–5466.
49 Z. Zhang, S. Xian, Q. Xia, H. Wang, Z. Li and J. Li, AlChE J.,
2013, 59, 2195–2206.
50 L. Ge, L. Wang, V. Rudolph and Z. Zhu, RSC Adv., 2013, 3,
25360–25366.
51 J.-R. Li, Y. Ma, M. C. McCarthy, J. Sculley, J. Yu,
H.-K. Jeong, P. B. Balbuena and H.-C. Zhou, Coord. Chem.
Rev., 2011, 255, 1791–1823.
52 D. Saha, Z. Bao, F. Jia and S. Deng, Environ. Sci. Technol.,
2010, 44, 1820–1826.
Paper Dalton Transactions
7036 | Dalton Trans., 2014, 43, 7028–7036 This journal is © The Royal Society of Chemistry 2014
Pu
bl
ish
ed
 o
n 
05
 M
ar
ch
 2
01
4.
 D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f Q
ue
en
sla
nd
 on
 12
/10
/20
15
 02
:20
:36
. 
View Article Online
